Vascular patterning is critical for organ function. In the eye, there is simultaneous regression of embryonic hyaloid vasculature 1 (important to clear the optical path) and formation of the retinal vasculature 2 (important for the high metabolic demands of retinal neurons). These events occur postnatally in the mouse. Here we have identified a light-response pathway that regulates both processes. We show that when mice are mutated in the gene (Opn4) for the atypical opsin melanopsin 3-5 , or are dark-reared from late gestation, the hyaloid vessels are persistent at 8 days post-partum and the retinal vasculature overgrows. We provide evidence that these vascular anomalies are explained by a light-response pathway that suppresses retinal neuron number, limits hypoxia and, as a consequence, holds local expression of vascular endothelial growth factor (VEGFA) in check. We also show that the light response for this pathway occurs in late gestation at about embryonic day 16 and requires the photopigment in the fetus and not the mother. Measurements show that visceral cavity photon flux is probably sufficient to activate melanopsin-expressing retinal ganglion cells in the mouse fetus. These data thus show that light-the stimulus for function of the mature eye-is also critical in preparing the eye for vision by regulating retinal neuron number and initiating a series of events that ultimately pattern the ocular blood vessels.
Vascular patterning is critical for organ function. In the eye, there is simultaneous regression of embryonic hyaloid vasculature 1 (important to clear the optical path) and formation of the retinal vasculature 2 (important for the high metabolic demands of retinal neurons). These events occur postnatally in the mouse. Here we have identified a light-response pathway that regulates both processes. We show that when mice are mutated in the gene (Opn4) for the atypical opsin melanopsin [3] [4] [5] , or are dark-reared from late gestation, the hyaloid vessels are persistent at 8 days post-partum and the retinal vasculature overgrows. We provide evidence that these vascular anomalies are explained by a light-response pathway that suppresses retinal neuron number, limits hypoxia and, as a consequence, holds local expression of vascular endothelial growth factor (VEGFA) in check. We also show that the light response for this pathway occurs in late gestation at about embryonic day 16 and requires the photopigment in the fetus and not the mother. Measurements show that visceral cavity photon flux is probably sufficient to activate melanopsin-expressing retinal ganglion cells in the mouse fetus. These data thus show that light-the stimulus for function of the mature eye-is also critical in preparing the eye for vision by regulating retinal neuron number and initiating a series of events that ultimately pattern the ocular blood vessels.
Prompted by the recognition that newborn mice are light-responsive 6 and show light-dependent neuronal connectivity changes 7 , we proposed the existence of a pathway in which light responsiveness in the early retina might trigger hyaloid regression and thus clearance of the optic axis. To test this, we placed pregnant dams in the dark at late gestation (embryonic (E) day [16] [17] : pups raised in the dark until 8 days post partum (P8) showed persistent hyaloid vessels (Fig. 1a) and this was confirmed by quantification over a P1-P8 time course (Fig. 1b) . Assessment of hyaloid vessel numbers at P15 showed that by this stage they had regressed. This indicated that dark-rearing resulted in a regression delay. Quantification of apoptosis at P5 showed that regardless of whether we quantified the isolated events that predominate early in hyaloid regression or the segmental pattern of apoptosis that follows 8 , there was a reduction (Fig. 1c ) similar quantitatively to previously characterized hyaloid persistence mutants 9 . These data suggest that a light-response pathway promotes hyaloid regression.
Hyaloid vessel regression and superficial layer retinal angiogenesis occur at the same time in the mouse 1, 10 , and this indicated that darkrearing might affect both processes. Retinal angiogenesis in mice begins at the day of birth with the extension of vessel precursors from the head of the optic nerve. A superficial layer of vasculature within the retinal ganglion cell (RGC) layer extends to the retinal periphery by P7 ( Supplementary Fig. 1a-c) . Starting at about P8, angiogenic sprouts extend vertically downwards into the deeper layers of the retina ( Supplementary Fig. 1d ) and ultimately form the deep vasculature at the outer edge of the inner nuclear layer and the intermediate plexus within the inner plexiform layer 2 . In mice dark-reared from E16 to E17, the superficial vascular plexus ( Supplementary Fig. 1e ) showed an increase in density regardless of whether the region was simple plexus ( Supplementary Fig. 1f ) or at a vein ( Supplementary Fig. 1g ). Depthcoded P8 image stacks ( Supplementary Fig. 1h ) showed that there were many more descending vessels ( Supplementary Fig. 1h , yellow, blue) than in the wild type ( Supplementary Fig. 1h , yellow) and many of these were abnormally located. These changes were confirmed by quantification ( Supplementary Fig. 1i, j) . Thus, the retinal vasculature is a second vascular structure in the eye where normal development is disrupted by the absence of light. Melanopsin is expressed from an early stage of both mouse and human gestation and unlike photoreceptor opsins, is known to function in the mouse eye before P10 (ref. 11). Melanopsin-expressing intrinsically photosensitive retinal ganglion cells (ipRGCs) are a subset of RGCs that function in circadian entrainment and the pupillary reflex 12 . ipRGCs are located in the superficial layers of the retina adjacent to both the retinal and hyaloid vasculatures (Supplementary Fig. 2a-c ). This location, the pre-photoreceptor functions of melanopsin 6 and the vascular anomalies present in mice that are missing RGCs 13 , suggested that it was a good candidate to mediate lightdependent vascular development in the eye. To test this possibility, we assessed hyaloid vessel regression and retinal vascular development in mice mutated in Opn4, the melanopsin-encoding gene 4, 5 . Opn4 2/2 mice showed normal hyaloid vessel numbers at P1 but persistence at P8 ( Fig. 2a and Supplementary Fig. 2d ). Examination of P15 eyes showed that hyaloid regression was complete in the Opn4 2/2 mice, indicating that, as with dark-reared mice, hyaloid persistence was not long term. Opn4 2/2 mice also showed a retinal vascular overgrowth phenotype that qualitatively and quantitatively ( Fig. 2b-k ) mimicked the changes resulting from dark rearing. To determine whether changes in retinal vascular density endured, we performed a quantitative assessment at P15, P25 and P180 ( Supplementary Fig. 3 ) that showed that elevated vascular density was regionally sustained until at least P180. More generally, the vascular phenotype of the Opn4 2/2 mice phenocopies that observed in dark-reared mice. This provides an independent means of implicating a light-response pathway in vascular development of the eye and identifies melanopsin as the opsin required.
VEGFA is a potent signal for vascular endothelial cell survival 14 that is required for retinal angiogenesis 15 and is also present in the vitreous of the rodent 16 and human 17 eye where the hyaloid vessels reside. We proposed that light-dependent vascular development might be explained by modulation of VEGFA. Consistent with this, homozygous and heterozygous deletion of Vegfa fl with the Chx10-cre retinal driver 18 gave, respectively, either a hyaloid development failure ( Supplementary Fig. 4a ) or diminished hyaloid regression ( Fig. 3a and Supplementary Fig. 4b ). An immunoblot for vitreous VEGFA over the P1-P8 time course revealed that in control mice, VEGFA164 levels were reduced at P5 but rose again by P8 (Fig. 3b) . When three different time courses of VEGFA immunoblots were quantified, the P5 VEGFA signal was about fivefold reduced compared with P1 (Fig. 3b) . A low level of VEGFA at P5 is consistent with the idea that it is a key regulator of hyaloid regression because P5 is the time when there are peak levels of vascular endothelial cell apoptosis 9 . Using dark rearing and the Opn4 2/2 mice, we determined whether actual or functional darkness resulted in a modulation of vitreous VEGFA. In four independent experiments we consistently observed that vitreous VEGFA levels were increased regardless of how light responsiveness was compromised (Fig. 3c) . Furthermore, an enzymelinked immunosorbent assay (ELISA)-based assessment of VEGFA in the P5 vitreous showed that whether pups were dark-reared or mutated in Opn4, the levels of VEGFA were about sevenfold higher than in the control (Fig. 3d) . A sevenfold increase in VEGFA in the vitreous of dark-reared and Opn4 2/2 mice was reflected in similar fold increases in the level of retinal Vegfa messenger RNA as indicated by 
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quantitative polymerase chain reaction (qPCR) (Fig. 3e) Fig. 5a ). Given the VEGFA dependence of hyaloid vessels ( Supplementary  Fig. 4 ) and of retinal angiogenesis 15 , elevated retinal VEGFA expression is an explanation for the vascular anomalies observed in darkreared and Opn4 2/2 mice. Quantification of BRN3B
1 RGCs and calretinin 1 amacrine cells in P5 Opn4 2/2 mice revealed modest increases in the numbers of both cell types (Supplementary Fig. 5d ). It has been shown that retinal angiogenesis in the mouse is driven by a hypoxia-response pathway that upregulates VEGFA expression 19, 20 . Because increased cell number can increase oxygen demand, we tested whether the Opn4 mutation and dark rearing resulted in retinal hypoxia (Fig. 3f, g ). Quantification of labelling with hypoxyprobe at P5 (Fig. 3h, i) revealed that increased signal was a consequence of both Opn4 mutation and dark rearing. This is consistent with the hypothesis that elevated VEGFA expression in the retina is a consequence of increased oxygen demand due to higher numbers of retinal neurons (Supplementary Fig. 7) .
In assessing the role of light responses in vascular development of the eye, our presumption had been that birth was probably a triggering event because vascular patterning events occur after birth and because light levels to the eye of the newborn would increase. To test this, we dark-reared pups from different points of late gestation (E16-17, E17-E18 or after E18) and assessed hyaloid persistence. We observed a dose response where the hyaloid vessels were progressively more persistent with an earlier dark-rearing start (Fig. 4a) . In particular, if dark rearing was started after E18 (the day of birth is usually E19) there was almost no effect (Fig. 4a, light blue bar) . These data indicate the surprising outcome that the critical light-response period stimulating hyaloid regression is gestational, at or before E16-17. This further raised the possibility that this developmental pathway required a direct fetal light response. To test this assertion directly, we transferred embryos from an Opn4 1/2 3 Opn4 1/2 cross into a pseudopregnant wild-type female and assessed hyaloid regression. Control, wild-type pups in the transferred litter showed normal hyaloid regression (Fig. 4d, b, grey bar) , whereas the Opn4 2/2 mice showed persistence at P8 (Fig. 4d, c, blue bar) . In addition, to test the reciprocal possibility-that the light response of the mother might influence vascular development of the fetal eye-we enucleated female mice, and allowed them to gestate and raise litters under normal lighting conditions. This did not produce hyaloid persistence (Fig. 4d) . Combined, these experiments show that melanopsin in the fetus, not the mother, is critical to regulate vascular development of the eye.
Measurements of the light level in the visceral cavity of adult mice living under mouse room fluorescent lights (Supplementary Fig. 6 ) 22 , the reduced sensitivity is about 1.5 log quanta and so the visceral light level in a pigmented animal of 1.1 3 10 12 photons cm 22 s 21 may still be above the threshold. These data are consistent with the hypothesis that the mouse fetus can respond directly to light via melanopsin.
These experimental studies identify light as a trigger for hyaloid vessel regression and for suppression of promiscuous angiogenesis in the retina. The observation that dark rearing from late gestation or Opn4 mutation produces essentially identical perturbations of vascular development provides corroborating evidence for involvement of a melanopsin-dependent, light-response pathway ( Supplementary  Fig. 7 ). Our data also indicate that the origin of the hyaloid persistence and de-regulated retinal angiogenesis is increased levels of VEGFA originating in retinal neurons. These findings are surprising because, with the exception of neuronal connectivity, it has not been shown previously that light can trigger changes in developmental programs. Our data indicate that the primary light-dependent change is an increase in the number of retinal neurons and that the vascular changes occur in response to increased oxygen demand (Supplementary Fig. 7 ) considerably later in developmental time. This pathway is an interesting example of one where events unfold slowly over the course of nearly 2 weeks. It will be interesting to determine whether this pathway might influence susceptibility to retinopathy of prematurity 24 , the retinal vasculopathy of pre-term infants in which promiscuous angiogenesis can cause blindness.
METHODS SUMMARY
We prepared and labelled the retinal vasculature and hyaloid vessels as reported previously 9, 25 . VEGFA was detected in the vitreous of Opn4 mutant and darkreared mice using standard immunoblotting and ELISA (R&D) techniques. Retinal neurons were identified and enumerated using standard techniques of immunofluorescence labelling. The level of retinal hypoxia in Opn4 mutant and dark-reared mice was assessed using detection of injected pimonidazole hydrochloride (Hypoxyprobe). All animal experiments were performed in accordance with IACUC-approved guidelines and regulations.
Full Methods and any associated references are available in the online version of the paper.
